Hydrogen sulfide (H 2 S) is a gasotransmitter that regulates cardiovascular functions. The present study aimed to determine the protective effect of slow-releasing H 2 S donor GYY4137 on myocardial ischemia and reperfusion (I/R) injury and to investigate the possible signaling mechanisms involved. Male Sprague-Dawley rats were treated with GYY4137 at 12.5 mg/(kg?day), 25 mg/(kg?day) or 50 mg/(kg?day) intraperitoneally for 7 days. Then, rats were subjected to 30 minutes of left anterior descending coronary artery occlusion followed by reperfusion for 24 hours. We found that GYY4137 increased the cardiac ejection fraction and fractional shortening, reduced the ischemia area, alleviated histological injury and decreased plasma creatine kinase after myocardial I/R. Both H 2 S concentration in plasma and cystathionine-c-lyase (CSE) activity in the myocardium were enhanced in the GYY4137 treated groups. GYY4137 also decreased malondialdehyde and myeloperoxidase levels in serum, attenuated superoxide anion level and suppressed phosphorylation of mitogen activated protein kinases in the myocardium after I/R. Meanwhile, GYY4137 increased the expression of Bcl-2 but decreased the expression of Bax, caspase-3 activity and apoptosis in the myocardium. The data suggest that GYY4137 protects against myocardial ischemia and reperfusion injury by attenuating oxidative stress and apoptosis.
Introduction
Acute coronary artery diseases are one of the leading causes of mortality and morbidity worldwide. Clinical practice has changed rapidly over the last few years, progressing from thrombolysis to direct coronary intervention and stenting to restore myocardial blood flow. However, cardiac reperfusion after an acute myocardial infarction episode usually contributes to myocyte damage, which is named as myocardial ischemia and n These authors contributed equally to this work.
reperfusion (I/R) injury and is an important complication of acute arterial occlusion and subsequent recanalisation; for example, following acute myocardial infarction, coronary artery recanalisation by thrombolytic therapy or percutaneous coronary intervention to minimize the infarct area [1, 2] . Many signaling molecules are postulated to modulate I/R injury, including reactive oxygen species, calcium overload, energy metabolism dysfunction of myocardial fibers, neutrophils, vascular endothelial cells, cellular adhesion molecules, and apoptosis [3] . Previous studies have demonstrated that oxidative stress and apoptosis play a fundamental biological role in myocardial I/R injury.
Hydrogen sulfide (H 2 S) is the third identified gaseous transmitter after nitric oxide (NO) and carbon monoxide (CO) and it is endogenously generated in mammalians and has different effects in the cardiovascular system [4] . H 2 S can be produced by 3 major enzymes: cystathionine-c-lyase (CSE), cystathionineb-synthase (CBS) and 3-mecaptopyruvates sulfurtransferase (3-MST). CSE is the major hydrogen sulfide generating enzyme in the cardiovascular system, especially in the heart, vascular and smooth muscle cells, while CBS is expressed in the brain and nervous system, and 3-MST is present in the mitochondrials of the liver, kidney, brain and vascular cells [5] [6] . The cardioprotective effect of H 2 S has been studied by several groups of scientists [7] [8] . Johansen et al. reported that the perfusion of NaHS reduces myocardial infarction size in the Langendorff-perfused heart after 30 minutes of left main coronary artery occlusion and 120 minutes of reperfusion [9] . CSE inhibitor significantly increased the infarct size due to myocardial ischemia [10] [11] , while heart-specific overexpression of CSE significantly limited the infarct size due to left coronary artery occlusion for 45 minutes followed by reperfusion for 72 hours [12] . NaHS treatment significantly decreases the severity and duration of ischemia/reperfusion (I/R)-induced arrhythmias [13] [14] and improves myocardial contractile function in the ISO-induced ischemic rat heart [15] . In the isolated perfused heart, H 2 S improves the heart mechanics after I/R injury [16] . However, pathogenesis of myocardial I/R injury is a very complex process, and the precise role of H 2 S remains unclear. One reason for the lack of clarity is the reliance on NaHS as an H 2 S donor in studies of this type. NaHS has been widely used to evaluate the biological and pharmacological effects of H 2 S. However, when dissolved in water, NaHS releases copious amounts of H 2 S over a short time frame (seconds) and as such does not effectively mimic the time course of H 2 S release in vivo [17] . It has been shown that high concentration of NaHS promotes lipopolysaccharides (LPS)-induced inflammation in macrophages [18] . Mice injected with NaHS also exhibits elevated MPO activity in the liver and lung [19] . Morpholin-4-ium-methoxyphenyl-morpholino-phosphinodithioate (GYY4137) slowly releases low but consistent concentrations of H 2 S over several hours in aqueous solution at physiological pH and temperature, and better mimics the time course of H 2 S release in vivo [17] . GYY4137 protects against high glucoseinduced cytotoxicity in cardiomyocytes [20] , relaxes phenylephrine pre-contracted arteries [21] , and decreases vascular inflammation and oxidative stress [22] . However, whether GYY4137 affects myocardial I/R in vivo is unknown. In this study, we firstly used the slow-releasing H 2 S donor, GYY4137, to examine the effect of H 2 S on myocardial I/R, and to investigate the possible signaling mechanisms involved. From the present data, we raise the possibility that treatment with GYY4137 can provide a novel therapeutic approach to reduce the development and limit myocardial I/R.
Materials and methods

Animals
Male Sprague-Dawley (SD) rats aged from 8 to 10 weeks were purchased from Vital River Laboratories, Beijing, China. The animals were fed on a laboratory diet with water and kept under constant environmental conditions (12 hour light/dark cycles). Animal experiments were performed in accordance with the guidelines for the Principles of Laboratory Animal Care and the Guide for the Care and Use of Laboratory Animals (NIH publication No. 85-23, revised 1996) . This study was approved by the local institutional review board at the authors9 affiliated institutions. SD rats underwent sham operation (Sham) or coronary artery ligation followed by reperfusion (I/R); and the latter group were treated with saline (Vehicle) or GYY4137 at 3 different doses: 12.5 mg/(kg?day) (G12.5), 25 mg/(kg?day) (G25) or 50 mg/(kg?day) (G50). GYY4137 or vehicle was administered intraperitoneally in equal volume once daily for 7 continuous days.
In vivo myocardial ischemia and reperfusion model
Rats were anesthetized with sodium pentobarbital (40 mg/kg intraperitoneally). Atropine (0.1 mg/kg) was given subcutaneously to reduce airway secretions. The rats were ventilated and adequate anaesthesia was monitored by toe pinch. Myocardial ischemia was induced by exposing the heart through a left thoracic incision and placing a 6/0 silk suture with a slipknot around the left anterior descending coronary. After 30 minutes of ischemia, the slipknot was released for reperfusion for 24 hours. The sham-treated rats underwent left thoracotomy only.
Echocardiography
After 24 hours of reperfusion, rats were anaesthetized with sodium pentobarbital (40 mg/kg intraperitoneally), and cardiac function was evaluated by echocardiography using a GE Vivid 7 (GE, Fairfield, CT, USA) equipped with a 14-MHz phase array linear transducer S12. Ejection fraction (EF) and percent of fractional shortening (FS) of the left ventricle was derived by goal-directed, diagnostically driven software installed within the echocardiograph. All measurements were averaged over 5 consecutive cardiac cycles. Cardiac tissues or blood samples were then obtained after echocardiography for further analysis.
Determination of myocardial infarct size
Myocardial infarct size was determined by Evans blue/triphenyltetrazolium chloride (TTC) staining. The heart was harvested and 1.5% Evans blue (Sigma, St Louis, MO, USA) was injected into the aorta of the heart. Then, it was removed, washed with saline and frozen at -20 uC. The heart was cut horizontally into 5 slices, which were incubated in 1.2% TTC (Amresco, Solon, OH, USA) prepared with Tris-buffered saline (TBS, pH 7.8) for 15 minutes at 37 uC. Viable non-ischemic myocardium stained blue with Evans blue, ischemic but viable myocardium stained red with TTC, while necrotic myocardium did not stain with either and appeared pale white. The infarct area (white) and the area at risk (red and white) from each section were determined using an AlphaEaseFC image analyzer (Alpha Innotech Corporation, CA, USA). The ratio of infarct size (INF) to area at risk (AAR) was calculated and expressed as a percentage.
Measurement of serum creatine kinase, myeloperoxidase and malondialdehyde
Blood samples were obtained from the right carotid artery, placed at room temperature for 2 hours and centrifuged at 1,000 g for 15 minutes at 4 uC. Supernatants were then obtained. Creatine kinase (CK), myeloperoxidase (MPO) and malondialdehyde (MDA) were determined spectrophotometrically at 340 nm, 532 nm and 460 nm, respectively, according to the manufacturer's instructions (Jianchen Bioengineering Institute, Nanjing, Jiangsu, China). Each measurement was performed in duplicate.
Measurement of H 2 S in plasma and myocardium H 2 S was measured as described previously [22] . Briefly, the initial reaction mixture containing 50 mL plasma, 200 mL of 15:1 (V/V) of 1% zinc acetate and 12% NaOH were incubated at 37 uC for 10 minutes. Then, 1.75 mL of H 2 O, 200 mL of 20 mmol/L N,N,dimethyl-p-phenylenediamine sulfate dissolved in 7.2 mol/L HCl, and 200 mL of 30 mmol/L FeCl 3 dissolved in 1.2 mol/L HCl were added into the reaction mixtures. H 2 S synthesizing activity of the myocardium was determined using tissue homogenates. The assay mixture contained 460 mL of tissue homogenate, 20 mL of 10 mol/L L-cysteine, and 20 mL of 2 mmol/ L pyridoxal 59-phosphate. After incubation at 37 uC for 30 minutes, zinc acetate (1% w/v, 250 mL) was added to trap the generated H 2 S for another 30 minutes followed by trichloroacetic acid (10% w/v, 25 mL) to stop the reaction. N,N-dimethyl-p-phenylenediamine sulfate (20 mmol/L, 133 mL) and FeCl 3 (30 mmol/L, 133 mL) were added and the mixture centrifuged at 12,000 g for 5 minutes. Both of the above reactions were allowed to proceed for 10 minutes in a dark box, and the absorbance of aliquots (200 mL) was measured at 670 nm. The NaHS with the concentrations of 2.5, 25, 50, 100 and 200 mmol/L were used as the standard. H 2 S concentration for each sample was calculated against a calibration curve made using NaHS standard.
Measurement of superoxide anion generation
Cardiac tissue samples were immediately frozen after removal in OCT embedding medium (Sakura Finetek, Tokyo, Japan), and then cut into 4 mm-thick sections and placed on glass slides. Dihydroethidium (DHE, 2 mmol/L, Beyotime, Haimen, Jiangsu, China) was applied to each tissue section and the slides were incubated in a light-protected humidified chamber at 37 uC for 15 minutes. The slides were examined by fluorescence microscopy (Olympus, Tokyo, Japan).
TUNEL staining
For terminal deoxynucleotidyl-transferase mediated dUTP nick-end labeling (TUNEL) staining, the hearts were fixed in 4% V/V paraformaldehyde, embedded in paraffin, cut into 2-mm thickness sections and treated as indicated in the in situ cell death detection kit (Roche, Mannheim, Germany). Thereafter, nuclei were co-stained with hematoxylin (Beyotime, Haimen, Jiangsu, China).
Measurement of caspase-3 activity
Caspase-3 activity was measured according to the instruction of the manufacturer (BioVision, Milpitas, CA, USA) in the myocardium homogenates with excitation wavelength at 400 nm and emission wavelength at 505 nm. The cardiac tissue samples were lysed on ice and centrifuged at 10,000 g for 15 minutes and the supernatant were collected. Reactions were performed in assay buffer containing 10 mM DTT and 50 mg proteins. The assay mixtures were incubated at room temperature for 1 hour in the dark and the fluorescent intensity was monitored by wavelength scanning at a range of 400 nm to 505 nm.
Western blotting assays
Protein samples were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA) and then immunoblotted with primary antibodies against the following proteins: extracellular signal-regulated kinases (ERK), phospho-ERK, stress-activated/c-Jun NH2 terminal kinases (JNK), phospho-JNK, P38, phospho-P38, Bcl-2, Bax (all from Cell Signaling Technology, Danvers, MA, USA) and GAPDH (Sigma). Proteins were visualized by enhanced chemiluminescence substrate (Thermo Fisher, Waltham, MA, USA)
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using Trizol reagent (Takara, Osaka, Japan). RNA (500 ng) was added as a template to reverse-transcriptase reactions carried out using PrimeScript TM RT Master Mix kit (Takara, Japan). qRT-PCR was carried out in triplicate with the resulting cDNAs using SYBR Green Premix (Takara) and ABI 7500 Real-time PCR System (ABI, Carlsbad, CA, USA). Experimental Ct values were normalized to 18S and relative CSE mRNA expression was calculated versus a reference sample. Primers used to amplify the fragment of CSE and 18S were listed as follows: CSE-F, 59-TCCGGATGGAGAAACACTTC-39; CSE-R, 59-GCTGCCTTTAAAGCTTGACC-39; 18S-F, 59-TCAAGAACGAAAGTCGGAGG-39; 18S-R, 59-GGACATCTAAGGGCATCACA -39.
Statistical analysis
All data are expressed as mean ¡ SEM. They were analyzed by one-way ANOVA followed by Student's t-test. P , 0.05 (2-tailed) was considered statistically significant.
Results
GYY4137 protects cardiac function and reduces infarct size after myocardial I/R Cardiac function of rats was measured by echocardiography, and typical M-mode traces for each of the 5 groups are shown in Fig. 1A . Thirty minutes of ischemia followed by 24 (Fig. 1B-C) . The effect of GYY4137 on infarct size after myocardial I/R was determined by the Evans-blue/TTC staining. Compared to the sham-operated group, 30 minutes of ischemia followed by 24 hours of reperfusion resulted in severe myocardial injury. Treatment with GYY4137 reduced myocardial INF/AAR and INF/ LV ratio after myocardial I/R injury, respectively (Fig. 1D) .
GYY4137 increases plasma H 2 S concentration
and CSE activity in the myocardium but decreases CSE mRNA in the myocardium after myocardial I/R H 2 S concentration in plasma and CSE activity in the myocardium after myocardial I/R were significantly less than those detected in the sham controls, while administration of GYY4137 for 7 days increased both plasma H 2 S concentration and CSE activity. However, CSE mRNA expression in the myocardium after I/R was increased and reduced by GYY4137 treatment (Fig. 2) .
GYY4137 decreases myocardial injury and systemic oxidative stress after myocardial I/R
We measured plasma CK, which is an important indicator of the extent of myocardial injury. Thirty minutes of ischemia followed by 24 hours of reperfusion increased CK, which was prevented by 50/mg?day GYY4137 (Fig. 3A) . Compared with the sham-operated group, plasma MPO activity was increased after myocardial I/R as expected. This increase was significantly prevented by GYY4137 (Fig. 3B) . Plasma MDA is a sensitive indicator of oxidant stress for the whole body. There was an increase in plasma MDA in the vehicle-treated group as a result of myocardial I/R and this increase was prevented by GYY4137 (Fig. 3C) .
GYY4137 alleviates histological injury after myocardial I/R
Myocardial fibers were arranged irregularly with hematoma emerged in the myocardium under the ligature with H&E staining in the vehicle group after 30 minutes of myocardial ischemia and 24 hours of reperfusion, which was alleviated by 7-day treatment of GYY4137 (Fig. 4) . reperfusion, suggesting severe oxidative stress in the myocardium. After GYY4137 pre-administration for 7 days, oxidative stress in the myocardium was reduced significantly (Fig. 5A) . Western blotting assay showed that phosphorylation of mitogen activated protein kinases (MAPK) was enhanced after myocardial I/R, while GYY4137 inhibited myocardial MAPK phosphorylation significantly after 7-day treatment ( Fig. 5 B-D) .
GYY4137 ameliorates apoptosis of cardiomyocytes after myocardial I/R
As apoptosis is a major outcome of I/R injury, we additionally evaluated the effect of GYY4137 on apoptosis in this study. There were large numbers of TUNEL-positive cells in the ischemic border zone in the vehicle group, which decreased significantly in GYY4137 pre-treated rats (Fig. 6A) . We also found that 30 minutes of ischemia followed by 24 hours of reperfusion decreased the expression of Bcl-2 while increasing the expression of Bax and activity of caspase-3 in the myocardium as compared to the shamoperated rats. GYY4137 restored all of these changes significantly (Fig. 6B-D) .
Discussion
In our study, after 24 hours of reperfusion followed by 30 minutes of myocardial ischemia, echocardiography was performed to evaluate the cardiac functional.
It was found that compared with the vehicle control, GYY4137-treated rats had higher EF and FS, indicating that GYY4137 can significantly improve the systolic function. GYY4137 also markedly reduced the ischemic area and alleviated the degree of histological injury after myocardial I/R. Creatine kinase (CK) is a classical indicator of myocardial injury [23] . GYY4137 (50/mg?day) significantly inhibited the release of CK after myocardial I/R. In conclusion, all these results confirmed that GYY4137 protected against myocardial ischemic reperfusion injury.
We found the reduced H 2 S content in plasma as well as decreased activity of CSE in the myocardium. The reduced endogenous H 2 S production in the ischemic heart implies that ischemic heart injury may, at least in part, result from impaired endogenous production of H 2 S. Surprisingly, we noted high CSE mRNA expression but reduced H 2 S synthesis after myocardial I/R. It is similar to our previous finding in high fat fed apolipoprotein E -/-mice [22] . This apparent discrepancy might be attributed to the presence of a positive compensatory feedback mechanism, through low concentrations of H 2 S, to promote CSE expression. Understandably, in our experiments, exogenous administration of GYY4137 (which elevated H 2 S concentration) reversed the rise in CSE expression. Further experiments are required to examine the possible feedback loop in more details.
There is accumulating evidence that oxidative stress induces I/R injury, and reactive oxygen species have long been recognized as major mediators of I/R injury [24] . Therefore, we examined the potential contribution of oxidative stress to the protective effect of GYY4137 against I/R injury. Previous studies have demonstrated that activated neutrophils are major sources of oxygen-derived free radicals during reperfusion after prolonged myocardial ischemia in vivo [25] . Many studies have indicated that MPO is specific for leukocytes, especially polymorphonuclear neutrophils. Therefore, MPO has been used as a marker of activated neutrophils released into the bloodstream [26] . We confirmed that, indeed, MPO levels were higher after I/R; however, GYY4137 treatment restored MPO levels to normal. Lipids can be oxidized by free radicals and changed into MDA finally. MDA is cytotoxic and can crosslink proteins or nucleic acids into polymers, damaging the mitochondrial respiratory chain complexes and key mitochondrial enzymes. As one of the end-products in the lipid peroxidation process, MDA has also been used to assess oxygen-derived free radical-mediated injury [27] . In our study, plasma MDA level in the GYY4137-treated groups was lower than that in the vehicle-treated group. Moreover, myocardial superoxide anion generation in response to I/R was attenuated by GYY4137 treatment. Therefore, GYY4137 may protect against myocardial I/R at least in part through attenuating oxidative stress.
The MAPK signal pathways, including ERK, JNK and P38, play key roles in various intercellular pathological processes, such as cellular growth, development, division, and apoptosis. Exogenous NaHS protects H9c2 cardiac cells against high glucose-induced injury by inhibiting the activities of the p38 MAPK and ERK1/2 pathways [28] . Na 2 S administration attenuated myocardial ischemia-reperfusion injury in db/db mice in an ERK-dependent manner [29] . However, Hu et al. observed that NaHS protected the heart against I/R injury by reducing myocardial injury. The blockade of ERK1/2 with PD98059 during either preconditioning or ischemia periods reversed these cardioprotective effects, suggesting that action of ERK1/2 may at least partly mediate the cardioprotection afforded by H 2 S [30] . NaHS also prevented I/R-induced P38 and JNK phosphorylation on gastric epithelial cells [31] . Our study discovered that exogenous GYY4137 administration could significantly decrease the phosphorylation of MAPK in myocardial I/R, which is at least partially involved in the attenuating effect of myocardial I/R by GYY4137.
Apoptosis also plays a significant role in myocardial ischemia reperfusion injury [32] . It has been reported that inhibition of caspase during reperfusion resulted in less cell apoptosis. While in patients who died from acute cardiac infarction, the balance between Bcl-2 and Bax was disturbed. Previous study found that H 2 S inhibits apoptosis of cardiomyocytes induced by myocardial I/R injury via enhancing phosphorylation of apoptosis repressor with caspase recruitment domain [33] . We found reduced Bcl-2 but up-regulated Bax expression after reperfusion, as well as increased activity of caspase-3 and severe apoptosis in the vehicle group. The GYY4137 treated group showed significant enhanced expression of Bcl-2 but decreased levels of apoptosis, Bax expression and caspase-3 activity. In conclusion, the results proven that the myocardial protection against ischemia reperfusion of GYY4137 was realized partially through releasing apoptosis by regulation of Bcl-2, Bax and caspase-3.
In summary, our study confirmed that H 2 S slowreleasing agent GYY4137 protected against I/R injury of SD rats evidenced as improvement of cardiac function and ischemia area. Enhancement of oxidative stress and activation of the MAPK signaling pathway were suppressed by GYY4137 after I/R. GYY4137 also downregulated the activity and expression of pro-apoptosis proteins but up-regulated anti-apoptosis proteins to inhibit apoptosis. Thus, the present data provided novel evidence that treatment with H 2 S can provide a novel therapeutic approach to limit myocardial I/R injury.
